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Introduction
Concussive brain injuries resulting from impacts to the head are known to have serious short and long term effects (National Institutes of Health, 1999) . In North America alone, an estimated 1.7 million concussions occur each year, accounting for approximately 75% of all traumatic brain injuries (TBI) (Bazarian et al., 2006) . These injuries come with an estimated cost of over 60 billion $US, including health care costs as well as time away from work (Langlois et al., 2006) . While most people who suffer concussions experience transient symptoms, some people suffer from persistent symptoms that last longer than three months. This long term symptomology of concussion is referred to as persistent post concussive syndrome (PCS) (National Institutes of Health, 1999; McCrory et al 2013) . The significant impact PCS has on patients dictates the need to better understand the metrics that characterize the risk and severity of this brain injury. Brain injury reconstruction research has proposed peak linear and rotational acceleration and stress and strain parameters to characterize severity of injuries for those patients who experience transient concussive symptoms (King et al., 2003; Zhang et al., 2004; Kleiven, 2007) , but no investigation has studied patients with PCS.
Currently, it is difficult, if not impossible to determine if a concussed individual will have a PCS injury. Even advanced neuroimaging with MRI is not able to predict which patient with a concussion will develop persistent symptoms. What is certain is that PCS, like other brain injuries, occurs through some form of injurious stress or strain applied to the brain tissue (Holbourn, 1943; Ommaya and Gennarelli, 1974; King et al., 2003; Kleiven, 2007; Post and Hoshizaki, 2012) . This injurious loading can occur through contact (Wilinger and Baumgartner, 2003; Zhang et al., 2004; Kleiven, 2007) , or through non-contact loading (Gennarelli et al., 1971; Ommaya and Genarelli, 1974) . From a biomechanical perspective, brain injury, be it transient concussion or PCS, is likely linked to the characteristics of the event that caused the injury . These characteristics have been defined in the past as combinations of mass, velocity, location of impact, and others that determine the stresses and strains in the brain tissue Post et al., 2014; Karton et al., 2013) . These brain injuries likely cause a complex series of cellular events that result in the symptomology associated with PCS (Giza and Hovda, 2001) . A series of cellular events that for transient concussion is reversible, which is reflected by the short term symptomology. Morrison et al. (2000) correlated quantitative changes in gene expression in brain tissues of rats with mechanical stretch parameters. These changes are thought to be linked to concussive symptoms such as impaired coordination, attention, memory, and cognitive ability (Giza and Hovda, 2001) . No definitive single gene expression has been linked to persistent symptoms after concussive injury. Shitaka et al. (2011) suggested the possibility of sustained activation of microglia for days to weeks after concussive injury to be partially responsible for persistent symptoms. Morrison et al., (2000) reported that the changes which occur following the mechanical impact of the brain could influence the severity of clinical outcome.
There has been some theories put forward suggesting that there is a continuum, or hierarchy, of brain injury Post, 2013; Post et al., 2014) . In the past researchers have shown that it is likely that no injury would be at the low ranges of head impact injury, followed by concussion, and finally TBI . However, recently there has been suggestions that within each of these brain injury categories (concussion and TBI) there is a further continuum that may be influenced by factors related not only to the increasing energy of impact, but to the characteristics of the event and how that affects the mechanisms of injury attached to particular anatomical structures Post et al., 2014) . While it is likely that severity of impact may affect the occurrence of PCS, the characteristics leading to this type of injury have not been examined or in any way quantified. Further refinement of the theory of continuums of injury within concussion is important as it will help establish transient concussion and PCS as two separate injuries that may be related to different impact event characteristics. Once these differences are identified it would then be possible to refine the understanding of these types of injuries to permit for improved interventions and innovations based on prevention. Therefore, the purpose of this research was to use reconstructive techniques and finite element modelling to characterize brain injuries resulting in persistent concussive syndrome.
Methods:
Patients with PCS who were presented to one of three major urban hospitals in Canada were the subject population. Patients included in this research must have had accurate and complete eyewitness or personal accounts of the injury recorded by neurosurgeon that could be used in laboratory reconstructions. The description must have been complete enough to allow for estimation of the following criteria: head impact velocity, location, surface, and surface geometry. If there was no clear description of these parameters, the subject was excluded from the research dataset. In addition to these physical reconstruction parameters, CT and/or MRI images were taken of each patient to confirm no neurological lesion as confirmed by radiologist and neurosurgeon. In addition, to be classified as a PCS case, the subject must have had symptoms of concussion for a period lasting longer than four weeks. One thousand cases were examined for this research and 21 cases were found to be suitable for laboratory reconstruction.
The laboratory reconstruction of the PCS events were conducted by impacting a Hybrid III headform and neckform using a monorail drop rig or softball launcher depending on the mechanism of injury for the event. The conditions (velocity, location, surface, surface geometry) as described by the Neurotrauma forms established the reconstructive parameters (Post, 2013) .
The Neurotrauma forms were hardcopy or electronic documents that were used as a standardized method to collect the impact parameters of the event for laboratory reconstruction purposes (Post et al., 2014; Post et al., 2014) . These forms were filled in by the neurosurgeon or research assistant based on interviews with the patients involved. The information was then enhanced with information from the emergency rooms and paramedic reports. In the case of impact location on the headform, in all cases they were confirmed by scalp contusion that was visible by CT scan, confirming the contact site on the cranium. The impact velocity for falls was determined by conducting Mathematical Dynamic Models (MADYMO) simulations. The other cases involved walking/running, sit to stand, a kick to the head, a softball impact, and an impact from a falling wooden 2 x 6. The walking/running velocities were determined from the categories developed by DiMasio and Bradley (2013) based on the eyewitness assessments of the subject's speed. The sit to stand velocity was based on literature examining the normal and fast speed of this event for a normal population (Margaret et al., 2005) . The kick to the head was conducted by a male of similar anthropometrics to the individual who conducted the kick to the head (section 2.1.5). The softball velocities were determined by using the average softball throwing velocities for the age of the thrower based upon Rojas II et al's research (2009) . The wooden beam contact velocity was determined by the known height of the fall (v=√2gh). For each case, the Hybrid III headform was impacted three times.
Equipment

Monorail
To reconstruct the falling, collision, and sit to stand events a monorail drop rig device was used.
This device was used for collisions because in all cases where a collision occurred it was head contact to immoveable objects. The Hybrid III headform was attached via a 50 th Hybrid III neckform to the monorail by a drop carriage (Figure 1 ), permitting movement of the head in 6 degrees of freedom upon contact with the anvil. This attachment is similar to the Hybrid III full anthropometric dummy in that it allowed for some twisting rotation at the base of the neck but was likely limited by the stiffness of the rubber material, and thus representing a stiff neck condition. This is a limitation of the setup, but the linear and rotational accelerations from this type of experimental method have been shown to be within the range of human cadaveric response (Kendall et al., 2012) . The drop carriage was attached to the monorail by ball bushings, which allowed low friction movement upon release. The release mechanism was a pneumatic piston. The anvil placed at the base of the monorail was changed to match the surface and geometry of the impact surface as described on the Neurotrauma report forms. Depending on the case, the impact surfaces were ice, concrete, wood, or steel. The impact velocity was determined by photoelectric time gate, which was positioned within 0.02 m of the impact. 
Pneumatic ball launcher
For projectile impacts (softball case) a pneumatic ball launcher was used to impact the Hybrid III headform ( Figure 2 ). The pneumatic ball launcher consisted of two parts, the frame, which consisted of the air canister and launcher, and the table, which housed the Hybrid III headform.
The table (mass 12.78 ± 0.01kg) to which the Hybrid III head (mass 4.54 ± 0.01kg) and neckform (mass 1.54 ± 0.01kg) was attached was allowed to slide post impact. The post-impact sliding is necessary to preserve the equipment under high impact loading and occurs after the initial head contact has ended. An examination of the effect of sliding has been conducted in the laboratory and has been shown to have no effect on the resulting dynamic response. It also allowed for positioning of the Hybrid III headform so that the appropriate location would be impacted by the projectile. The impact velocity was determined by time gate at the muzzle of the pneumatic launcher. The impact site was first determined by laser target, and confirmed by high speed video of the event, collecting at 2000 fps. 
Miscellaneous impacts
Two of the cases involved reconstructions that were not possible using standard fall/collision and projectile methodologies. Those were the kick to the head and the falling wooden 2 x 6 projectile impact. The kick to the head ( Figure 3 ) was conducted by having a male participant of similar anthropometrics (5'10, 180 lbs) kick the Hybrid III headform that was placed in the same position as the injured person. In this case the person was prone; therefore the headform was attached by the Hybrid III neckform to a metal frame representing the body. This setup allowed for rotation and flexion of the head from the kick as was described by the eyewitness and subject.
The kick was applied using similar footwear to that from the event, and kick velocity was calculated from high speed camera recordings of the event.
Figure 3. Kick reconstruction.
The falling wooden 2 x 6 was reconstructed using the monorail. In this instance the subject was working and was impacted by the wooden 2 x 6 after it fell off a high shelf. To accomplish this reconstruction the 2 x 6 was hung by rope off a basket attached to the monorail with the Hybrid III headform attached to a metal frame by Hybrid III neckform in the impact zone. This allowed for the 2 x 6 to impact the Hybrid III in a way that was repeatable and realistic without adding any extra mass from the monorail system.
Headform
The headform impacted for this research was the Hybrid III 50 th percentile anthropometric dummy headform (Figure 1 ). The neck used was also a Hybrid III neckform. The Hybrid III headform was equipped with a 3-2-2-2 accelerometer array to allow for the measurement of linear and rotational acceleration from the impact (Padgaonkar et al., 1975) . The accelerometers used were Endevco 7264C-2KTZ-2-300 (Endevco, California, USA), and were sampled at 20 kHz. The data collection system used was a DTS TDAS systems and the data was filtered using a CFC class 1000 filter according to the SAE J211 convention for head impact data collection.
This corresponds to a 1650 Hz lowpass (4-channel butterworth) filter that removes high frequency vibrations from the impact to the headform. The reference system for the headform was x-axis forward, y-axis to the left of the head, and z-axis upwards.
Mathematical Dynamic Models
When head impact velocity was unclear from the information on Neurotrauma report forms, MADYMO (Tass International, Livonia, USA) simulations were conducted. For this dataset, these simulations were conducted for only the falling cases, as the other mechanisms had enough description to determine their approximate impact velocities. This software allows for the prediction of human kinematics for falls and pedestrian impacts in motor vehicle accidents. The MADYMO simulations were conducted based upon the initial body positions of the subject based on the Neurotrauma report form and the slip, or trip that resulted in the fall (Figure 4 ) (Adamec et al., 2010) . A series of MADYMO simulations were conducted for each fall case to determine the upper and lower boundaries for velocity for the Hybrid III impact reconstructions (Post, 2013; Post et al., 2014) . 
Finite element model
The finite element model used in this study was the University College Dublin Brain Trauma
Model (UCDBTM) Gilchrist, 2003, 2004) . The geometry of the model was taken from a male cadaver using medical imaging techniques (Horgan and Gilchrist, 2003 (Doorly and Gilchrist, 2006) .
Material parameters pertaining to the model are shown in Table and Table 2 . The brain tissue was modelled using a linearly viscoelastic model combined with large deformation theory. The behaviour of this tissue was characterized as viscoelastic in shear with a deviatoric stress rate dependent on the shear relaxation modulus (Horgan and Gilchrist, 2003) . Volumetric/hydrostatic compression of the brain tissue was considered elastic. The shear characteristics of the viscoelastic behaviour of the brain was expressed by:
With G ∞ representing the long term shear modulus, G 0 the short term modulus and β is the decay factor. The Mooney-Rivlin hyperelastic material model was used for the brain to maintain these properties, in conjunction with a viscoelastic material property in ABAQUS, giving the material a decay factor of β= 145 s -1 (Horgan and Gilchrist, 2003) . The hyperelastic law was given by:
(2) C 10 (t) = 0.9C 01 (t) = 620.5 + 1930e -t/0.008 + 1103e -t/0.15 (Pa) where C 10 is the mechanical energy absorbed by the material when the first strain invariant changes by a unit step input and C 01 is the energy absorbed when the second strain invariant changes by a unit step (Mendis et al., 1995; Miller and Chinzei, 1997) and t is the time in seconds. The UCDBTM had a sliding boundary condition between the pia and CSF. This algorithm allowed no separation of the contacting pia and CSF layers. Modelling of the CSF was done using solid elements with the bulk modulus of water and a low shear modulus (Horgan and Gilchrist 2003; Horgan and Gilchrist, 2004) . For the sliding interfaces a friction coefficient of 0.2 was used (Miller et al., 1998) . To ensure the validity of the finite element simulation, a model integrity check was conducted to examine the integrity of the solution based on the aspect ratio of the elements of the UCDBTM.
The analyses were run to examine the distortion of the elements throughout the simulation time.
Elements which showed large deformations (increase in aspect ratio greater than 1.0) in addition to being larger than 3:1 at time zero were identified and excluded from further analyses. This threshold is based upon work conducted by Ho (2008) and Yang (2011) . The results of these elements were excluded as upon examination were found to be the result of impossible geometries resulting in high strains (due to high aspect ratios). All of elements which were eliminated were found to be along the tentorium and falx membranes. In total, 217 elements were excluded in these regions, which is less than 1% of the total elements of the UCDBTM.
The remaining elements were all found to have aspect ratios under 3:1 and demonstrated normal loading conditions from the input dynamic response time histories.
Statistics
A comparison of the peak maximum principal strain, von Mises stress, strain rate, and product of strain and strain rate in the grey and white matter was run using a paired t-test with significance level set to 0.05.
Results:
Twenty one PCS cases were analyzed covering three mechanisms of injury (11 falls, 8 collisions, 2 projectiles). Case descriptions and impact locations are presented in figure 5 and table 3 with the results in figures 6 through 9, and table 4. For these PCS reconstructions, the average peak maximum strain was found to occur in the grey matter of the cerebrum (0.483), with significantly lower strains in the white matter (0.380)(p<0.05). Figure 6 . Cerebrum maximum principal strain responses for the PCS cases. Suggested ranges of concussion from the literature represented by black dotted lines (Zhang et al., 2004; Kleiven, 2007) , ranges of TBI represented by red dotted lines (Doorly, 2007; Post, 2013) . (Zhang et al., 2004; Willinger and Baumgartner, 2003; Kleiven, 2007) , ranges of TBI represented by red dotted lines (Doorly, 2007; Post 2013) . (King et al., 2003; Kleiven, 2007) , no cerebral TBI values available. Figure 9 . Cerebrum product of strain and strain rate responses for the PCS cases. Suggested ranges of concussion from the literature represented by black dotted lines (King et al., 2003; Kleiven, 2007) , no cerebral TBI values available. 
Discussion
The reconstructions of PCS hospital cases were represented by three mechanisms of injury: falls, collisions, and projectiles. None of the cases experienced mechanical failure as evidenced by the normal CT and/or MRI for each subject, but all showed PCS. In general, these cases were characterized by low (0.2 m/s) to high (15 m/s) impact velocities (3.2 m/s average) with relatively non-compliant surfaces such as concrete, ice, steel, and wood. There was a range of responses, highlighted by the large standard deviations across all brain deformation metrics. This phenomenon is a result of the varying mechanisms of injury that caused the resulting PCS injury.
In this study, the data was treated as one complete set as described by the endpoint injury (in this case PCS), while it is likely that each mechanism has particular characteristics that would create a substantial risk of PCS. For example, all the fall cases were characterized by high magnitude stresses and strains, many caused by slips and falls onto concrete or other unyielding surface.
The projectile impacts were unique events which also caused high stresses and strains, but this was accomplished through higher velocities that resulted in a shorter acceleration time histories (<5 ms). The collisions were also caused by impacts to non-compliant surfaces, but generally at lower velocities (under 3.8 m/s). Of all the cases there were five that resulted in magnitudes of stress and strain that were less than those expected for concussion (cases 2,3,17,18, and 20) (King et al., 2003; Zhang et al., 2004) . The varied nature of the impact conditions in these cases suggest that it is possible that pure biomechanics of impact may not be fully descriptive of the risk for these individual cases and perhaps they had a susceptibility to incurring a concussive or PCS injury.
In comparison with the current literature on concussive thresholds, these PCS hospital cases
show results consistent with previous research (Table 5 ) (Zhang et al., 2004; Kleiven 2007; Willinger and Baumgartner 2003) . This data set of PCS reconstructions were characterized by a large variance in resultant metrics, with large magnitude brain stress and strain responses, far larger than would be expected based on previous concussion literature (King et al., 2003; Zhang et al., 2004) . As a result, this research would suggest that higher stresses and strains are representative of PCS injury in the UCDBTM. In addition, it is likely that these stresses and strains may be representative of the presence of a more severe injury; ones that may lead to the physiological cascades producing the symptomology of concussion (Giza and Hovda 2001) by many different potential mechanisms including: 1) a complex series of ionic, metabolic, and other physiologic changes take place that contribute to the persistent symptoms (Giza and Hovda, 2001) , 2) to changes in gene expression (Morrison et al. 2000) , 3) to sustained activation of microglia for days to weeks Shitaka et al. (2011) , or 4) other mechanisms.
Though there are no clear patterns in metrics when comparing to thresholds of concussive injury, when comparing the location of maximum principal strain in the cerebrum, the maximum magnitudes were incurred in the grey matter of the brain in all cases. These results are consistent with work conducted by Kleiven (2007) , who found peak strains in the grey matter to be a possible predictor of concussion resulting from impact reconstructions of NFL concussion cases.
Since symptoms of concussion often include cognitive dysfunction, any excessive strain in the cognitive centers in the grey matter may also be influential in the presence of concussive symptoms (Zhang et al., 2004) . Furthermore, persistence of symptoms has been linked to abnormalities in grey matter following strains from TBI (Shitaka et al., 2011) , supporting that excessive strain in grey matter might influence persistence of symptoms. It should be noted that the UCDBTM and other finite element models characterize the modulus for the grey matter lower than that for the white matter. This would result in the grey matter often demonstrating higher strains than the white matter, as it would have a softer response. While these material parameters were derived from cadaveric testing and have been considered to have a reasonable transferability to human responses, the effect of the characterization of the brain tissues on the results should be considered when interpreting the results. (2003) In many cases the stresses and strains for PCS are much higher than concussive thresholds with many falling within the ranges more characteristic of impacts that lead to pathological lesions like contusion or subdural hematoma rather than concussion (Table 6 ). When conducting a comparison to these thresholds, it is important to note that they were created using finite element responses from the region of injury rather than peak strain reached in the cerebrum, as presented here. In comparison to previous research involving mechanisms of TBI, Post (2013) conducted reconstructions of 20 cases of patients with TBI with peak strains in the cerebrum averaging 0.810. In addition, Doorly (2007) reconstructed 10 cases of TBI, with peak strains in the cerebrum reaching 0.599. Both of these studies were conducted using the UCDBTM, showing that higher cerebral strain values characteristic of TBI are often larger than those of the PCS cases presented here (0.483 average). The data presented in this research data indicates that PCS cases may fit between those impacts that lead to transient concussive symptoms (King et al., 2003; Willinger and Baumgartner, 2003; Zhang et al., 2004; Kleiven, 2007) , and those that lead to TBI (Doorly 2007; Post, 2013) . The present research supports the theory that there may be a continuum of injuries ranging from concussion with transient symptoms, to PCS, and finally TBI . Table 6 -Specific TBI thresholds using finite element responses from accident-reconstructions (Doorly and Gilchrist, 2006; Doorly, 2007) Threshold for injury PCS. The impacts were characterized by impact velocities ranging from 0.2 -4.7 m/s onto lowcompliance surfaces (two projectile cases were higher velocity). In every case, the peak strain value was found in the grey matter, which is consistent with previous literature investigating mechanisms of concussive injury. Overall, this data set supports a continuum of injury theory as proposed by Hoshizaki et al. (2013) , with average values for PCS fitting in between transient concussions and TBI on a scale of severity when using global cerebrum responses.
Limitations
These cases represent one source of PCS injuries, which could be considered severe as they were presented at hospital emergency rooms. Helmeted sports are another common source of PCS injuries and are not represented by this dataset. It is likely that sports are characterized by differing and unique characteristics that contribute to a likelihood of PCS. For example, significant differences between hospital and sports data sets could be the protective equipment and impact velocities in which the injuries are sustained . The limitations of this study pertain to both accident reconstructions and the finite element model.For reconstructive purposes, assumptions are made regarding impact velocity, vector, and surfaces.
These parameters are replicated as close to the original impact as possible however there remains a small margin of error. Additionally, the Hybrid III headform is not biofidelic in its response but still gives a good representation of the accelerations experienced during impact. The monorail drop method for reconstructing falls has been used in the past to research TBI and does not include a representation of the inertial effects of the torso. These effects may be in some way mitigated by the compliance of the neck, but would have some influence on the resulting dynamic response. These assumptions and limitations can affect the end parameters of brain stresses/strains. There are also limitations associated with any finite element model, with assumptions on boundary conditions, and material properties. The UCDBTM is used as an approximation of the response of the brain under load, using tissue characteristics and validated responses of cadavers comparable to other finite element models. Although validated, the true response of the brain is still unknown and for this reason, the response of the model may not reflect the response of brain under loading. In addition to material characteristics, the hyperelastic material model which is employed will also influence the results as a change in material model will likely change the response. The geometry of the model is also based on CT and MRI images of one subject and so does not reflect individual differences between cases.
The results are also limited by the cases that met our inclusion criteria and future research should aim to replicate our findings with larger numbers of patients.
